We studied the anatomical remodeling and gliosis of retinal Müller cells in the rd/rd mouse model of photoreceptor degeneration. A computational calculation of glutamine synthetase immunoreactivity was developed so we could specifically quantify changes in Müller cell anatomy between control mice (C57Bl/6) and the dystrophic strain. We found no change in number of Müller cell somata between mice strains indicating no cell proliferation as a function of development and degeneration. The retinal area occupied by the total Müller cell body (soma and processes) was significantly less in the rd/rd mouse retina compared with control mice. When only the outer retina was considered, we found rd/rd Müller cell processes were dramatically reduced during the cone phase of photoreceptor degeneration. However, at older ages, an increase Müller cell processes was seen. Conversely, glial fibrillary acidic protein (GFAP) expression showed a significant increase during cone degeneration followed by a reduction in older ages. 
INTRODUCTION
Retinal degeneration secondary to inherited mutations or environmental insult results in the rapid loss of retinal neurons as well as anatomical and functional remodeling (Gargini et al., 2007; Marc et al., 2007; Marc et al., 2008; Pignatelli et al., 2004; Strettoi and Pignatelli, 2000; Strettoi et al., 2003; Strettoi et al., 2002; Sun et al., 2007) . Glial cell reactivity, or gliosis, is universal to retinal disease . Müller cells, the major glial cells in the retina become reactive during the early stages of degeneration (Ekström et al., 1988; Felmy et al., 2001; Iandiev et al., 2006) then contribute to the development of a glial seal that envelops the entire retina at late stage degeneration (Jones et al., 2006; Jones et al., 2003; Jones et al., 2005; Marc et al., 2008) . The ability to prevent or restore vision by gene therapy, stem cell transplantion or prosthetic devices depends on the ability to overcome these glial cell modifications (Bainbridge et al., 2008; Dejneka et al., 2003; Farrar et al., 2002; MacLaren et al., 2006) . Thus, a better understanding of the glial changes that occur during retinal degeneration is crucial for the development of successful treatment strategies.
Müller cell gliosis is described as either proliferative or conservative/reactive (Bringmann et al., 2000) . In both types, early stage gliosis is associated with up-regulation of the intermediate filament proteins including, glial fibrillary acidic protein (GFAP), vimentin or nestin thought to support structural integrity or hypertrophy in retinal disease (Bignami and Dahl, 1979; Bringmann and Reichenbach, 2001; Eisenfeld et al., 1984; Lewis and Fisher, 2003) . In late stages of proliferative gliosis, glial replication and migration occurs Müller cells in the rd/rd mouse retina 4 and Müller cell electrophysiology, particularly K + currents are reduced Burke and Smith, 1981) . Disruption to K + channels has severe implications for the retina as they facilitate primary Müller cell functions including K + homeostasis (Kofuji et al., 2002; Newman, 1993) , osmoregularity (Pannicke et al., 2004) and neurotransmitter recycling (Bringmann et al., 2000; Bringmann et al., 2009) . In contrast, conservative reactive gliosis is associated with no cell proliferation and minimal changes in K + conductance (Bringmann et al., 2000; Bringmann and Wiedemann, 2012) .
The rd1 or rd/rd mouse is an animal model of Retinitis Pigmentosa (Farber et al., 1994) .
The rd/rd mouse retina displays a rapid loss of rod photoreceptors beginning around postnatal day 10 (P10), and completed by ~P25. Cone degeneration begins at three weeks of age and is complete by approximately P40, with very few cones remaining after six weeks of age (Farber et al., 1994) . Functional remodeling of glutamate receptors occurs during the cone degeneration phase in the rd/rd retina (Chua et al., 2009; Marc et al., 2007) .
Gliotic changes including expression of nestin, GFAP and rhodopsin by Müller cells has
been shown in the rd/rd retina (Goel and Dhingra, 2012; Strettoi et al., 2003; Strettoi et al., 2002 .
MATERIALS AND METHODS

Animals
The rd/rd mice (on a C57Bl/6 background; (Farber et al., 1994) retinae were studied at P10, P15, P18, P25, P28, P40 and P101 (n = 35). The oldest rd/rd mice at P101 reflects the time where almost all photoreceptors are lost and thus the animals are in late Phase 2 of retinal dystrophy . The control mice (C57Bl/6) were examined at the same ages (n = 35). Animals were maintained on a 12 h light/dark cycle and had access to standard mouse chow and water ad libitum. From each experiment, five independent samples were selected and only the central third of the retinal region was analyzed. The experimental protocols in this study were approved by The University of Melbourne animal ethics committee.
Fixation, Sectioning and Immunocytochemistry
Retinal pieces were fixed in chilled 4% (w/v) paraformaldehyde and 0.01% (w/v) glutaraldehyde in 0.1 M phosphate buffer for 30 min, cryoprotected and processed for The primary antibodies were diluted in 3% (v/v) goat serum, 1% (w/v) bovine serum albumin, 0.5% (v/v) Triton X-100, 0.05% (w/v) thimerosol in phosphate buffered saline (pH 7.4) and applied to the retinal sections overnight at 4°C. Primary antibodies used in this study are described in Table 1 . The primary antibodies were visualized using secondary antibodies (goat anti-mouse conjugated to Alexa TM 594 and goat anti-rabbit to Alexa TM 488; Invitrogen, Carlsbad, CA), incubated for 4 h. In double labeling experiments, sections were incubated in a mixture of primary antibodies followed by a mixture of secondary antibodies. Secondary antibody specificity was observed as minimal background fluorescence when the primary antibody was omitted or a secondary antibody from a different species was used. Tissues were incubated for 5 min in the nuclear counterstain, 4',6-diamidino-2-phenylindole (DAPI; S33025; Invitrogen, Carlsbad, CA), diluted 1:300 with phosphate buffered saline. The slides were washed in phosphate buffered saline and coverslipped with an anti-fading medium (Citifluor, Alltech, NZ). Chua et al 2012: Müller cells (Chalazonitis et al., 2008) . The labeling patterns observed in this study also matched previous calbindin immunoreactivity observed in the rd/rd retina (Chua et al., 2009 ).
Antibody characterization
Glial fibrillary acidic protein (GFAP):
The specificity of the GFAP antibody was observed in Western blots of mouse spinal cord lysate (Darman et al., 2004) and rat retina lysate (Chang et al., 2007) where it presents as a 51 kDa band. In this study, labeling patterns for GFAP matched those previously observed in the C57Bl/6 mouse retina (Acosta et al., 2005) .
Glutamine synthetase (GS):
The specificity of the GS antibody was confirmed with a Western blot using rat cerebellum lysate where it reacted with a 45 kDa band which corresponds to the expected size of the GS protein, amino acids 1-373 (BD Biosciences technical data sheet). GS immunoreactivity also matched previous results in the C57Bl/6 and rd/rd mouse (Haverkamp et al., 2000; Strettoi et al., 2002) .
Image Capture
Frozen tissue sections of the control and dystrophic retinae were processed under identical conditions. For each experiment, five independent samples were imaged using Leica SP 2 confocal microscope (Heidelberg, Germany), where a total of eight stacks were captured under the same magnification to ensure unbiased cell coverage. Images 
Quantification of Müller Cell Density
Müller cell density was determined by counting GS-labeled Müller cell somata in a defined retinal length (n = 5 at each conditional age group) and expressed as the number of cells per 100 μm retinal length. Cells were only counted from the central region of the retina (total area = 9 mm 2 ). The sample size for each age group and for each mouse type resulted in <5% sampling error with a 95% confidence interval assuming 90% efficiency and a Müller cell density of 144,783 cells/mm 2 in the mouse retina (Jeon et al., 1998) .
Similar calculations comparing total rd/rd and control mice populations resulted in a sampling error of <2%. As per previous studies, only GS positive cells that had distinct soma labeling above background levels were selected (Acosta et al., 2007; Sun and Kalloniatis, 2006) .
Quantification of absolute Müller Cell area
Absolute Müller cell area -defined as the retinal area occupied by the total Müller cell (i.e. soma and processes), was determined by quantifying the total number of GS labeled pixels per 100 μm retinal length. To confirm the location of the outer plexiform layer, we double labeled tissue with GS and the horizontal cell marker, calbindin ( Fig. 1A-C ). This The absolute Müller cells' area was determined using the 'magic wand tool' in Adobe
Photoshop. The 'magic wand tool' selects a consistently colored area in an image without having to trace its outline. GS immunoreactivity was selected by clicking the green color.
The number of selected pixels, pixel intensity and the total number of pixels in the image was obtained from the 'histogram palette' in Adobe Photoshop. For relative Müller cell area, immunoreactive Müller cell pixels were divided by the number of pixels across the total retina area (from outer limiting membrane to inner limiting membrane) and data was normalized using P10 as the age point (n = 3 for each age group; P10, P18, P25 and P101).
Quantification of Müller Cell gliosis
Tissue was double labeled GS and GFAP and The gliosis index was derived by counting the number of colocalized GFAP + GS profiles/total GS profiles per 300 μm retinal length (n = 5 at each conditional age group). To differentiate the distal and proximal retina, the inner nuclear layer and inner plexiform layer were separated into five equal regions. Gliosis index was presented for two reference points -the 'inner retina', defined as the distal 20% of the entire inner plexiform layer and the 'outer retina' as the distal 20% of the entire inner nuclear layer ( Figure 7B ). This method was used to avoid GS immunoreactivity from Müller cell soma and glial seal and GFAP immunoreactivity in the proximal inner plexiform layer masking gliosis.
Whole-cell recordings
Electrophysiological measurements were obtained in whole-mount retina using a blind approach to target Müller cells (Borowska et al., 2011) . Müller cells were recognized by their characteristic IV relationships, which were dominated by K + currents. The retina was continuously bathed with a solution of 110 mM NaCl, 2.5 mM KCl, 1 mM CaCl 2 , 1.6 mM MgCl 2 , 10mM dextrose and 22mM NaHCO 3 at 35 -37°C bubbled with 95% O 2 :
5 % CO 2 to produce a pH of 7.4. Patch clamp electrodes contained 115 mM K + gluconate, Triton X-100) with 1% (w/v) streptavidin-Cy3 overnight to visualize Neurobiotin loading by confocal microscopy.
Statistical Analysis
For Müller cell density and gliosis index, data were analyzed by using a two-factor analysis of variance (ANOVA; SPSS for Windows 16.0; SPSS Inc., Chicago, IL) and plotted in SigmaPlot 8.02 (Systat Software Inc, Chicago, IL). Condition group (control and dystrophic) and age (seven ages) were the dependent variables. For whole cell recordings, paired t-tests were used to assess statistical significance. Figure 2 shows the typical Müller cell morphology of the adult control and rd/rd retina.
RESULTS
Müller cell morphology in the rd/rd retina
In control mice, GS immunoreactive Müller cell processes spanned the entire retina with their cell bodies located in the middle of the inner nuclear layer ( Fig. 2A ; upward arrows). In the rd/rd mouse, Müller cells had a similar distribution, with processes visible in the outer and inner retina ( Fig. 2B ; upward arrows). Distal Müller cell processes in the adult rd/rd mouse retina still ensheathed the few remaining cells in the outer retina ( Fig.   2B ; downward arrows). The exact identity of these cells is unknown but are likely to be remaining cone photoreceptors (Carter-Dawson et al., 1978; Lin et al., 2009) , or possibly emigrated inner retinal cells .
GS immunoreactive Müller cell processes were divided into distal ( Fig. 2C, F ; white dotted box) and proximal regions based on calbindin immunoreactivity of the outer plexiform layer. In the control retina, distal Müller cell processes were in close contact with the photoreceptors (Fig. 2C-E ). In the rd/rd mouse, thick Müller cell processes were observed in the outer retina ( Fig. 2F-H ; white dotted box). This is consistent with a fibrotic seal described in retinal degeneration that separates the retina from the underlying retinal pigment epithelia and choroid (Gouras and Tanabe, 2003; Jones et al., 2005; .
We double labeled the control and rd/rd mouse retinae with GS (green) with calbindin (magenta) at various developmental ages to track the evolution of the glial seal (Fig. 3) .
In control mice, GS was observed in the Müller cells at P10 and progressively increased to appear adult-like by P18 ( Fig. 3A-E) . In contrast, the outer nuclear layer of the rd/rd mouse gradually thins as a function of development, leaving only the GS immunoreactive processes ( Fig. 3F-J) . The inner retina of the rd/rd retina remains largely intact and similar to the control retinae.
Müller cell density in the rd/rd retina
We predicted that the glial seal observed in the adult rd/rd retinae could develop via (1) collapsing of existing Müller cell processes or, (2) proliferative gliosis; whereby Müller Figure 5A shows absolute Müller cell area from P10 -P18 gradually increased in both the control and dystrophic retinae even though the total area of the retina is reduced in the rd/rd retina due to rod degeneration. There was no significant difference between the two mouse strains at these ages (ANOVA; P10: p = 0.31; P15: p = 0.07; P18: p = 0.06). From P25 -P40, absolute Müller cell area was significantly lower in the rd/rd retina than the control retina (ANOVA; p<0.001).
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Figure 5B-C shows absolute Müller cell area for the outer retina and inner retina respectively. In the rd/rd mouse, absolute Müller cell area was consistently significantly lower than the control retina at all ages ( Fig. 5B ; ANOVA; p<0.0001). When only the trend of data was considered, absolute Müller cell area in the rd/rd mouse increased similar to the control from P10 -P18. After P25, absolute Müller cell area of the outer retina of control mice reached a plateau, remaining constant to adulthood. However from P25 -P28 (beginning of cone degeneration phase) in the rd/rd mouse, absolute Müller cell area reduced dramatically (Fig. 5B ). This was followed by an increase in absolute
Müller cell area in the adult rd/rd animal. When the outer retina was evaluated for the two mouse groups, age has a significant effect on the area devoted to Müller cells (ANOVA; p<0.0001), with absolute area as a function of age being significantly different for the two mouse groups (ANOVA; p<0.0001).
For the inner retina (Fig. 5C ), absolute Müller cell area was again lower in the rd/rd mouse compared to the control but was not significantly different as a function of age between the control and rd/rd mice (ANOVA; p = 0.23). The overall trend of the data was similar between the two animal groups with an increase in absolute Müller cell area between P10 -P18 followed by a gradual decrease from P25 to adult. Absolute Müller cell area in the rd/rd inner retina also closely paralleled that of the entire rd/rd retina. Figure 5D further highlights the differences in absolute Müller cell area for the outer and inner retina with difference plots (control/dystrophic) calculated from Fig. 5B and 5C.
For the inner retina, absolute Müller cell area in the control (Fig. 5C , square data points)
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was only 10 -50% greater than the rd/rd mouse (Fig. 5C , triangle data points) across all ages. In contrast, absolute Müller cell area in the outer retina was ~250% higher in the control (Fig. 5B , square data points) compared to the rd/rd retina (Fig. 5B , triangle data points) during the cone degeneration phase (P25 -P28). Following cone photoreceptor degeneration (from P40 to ~P100), the difference ratio for the outer retina is reduced to ~100%.
We also estimated relative Müller cell area as a ratio of Müller cell immunoreactive pixels to the total number of pixels in the retina and normalised to P10 for each mouse 
Müller cell gliosis in the rd/rd retina
Gliotic changes were characterized as a function of degeneration using the gliosis marker, GFAP (Fig. 6 ). In the adult control retina, GFAP expression was only found in the nerve fiber layer (Fig. 6K, L) . In the rd/rd retina, GFAP labeling was also restricted to the nerve fiber layer at P10 but by P28, GFAP labeling progressed distally through the rd/rd mouse retina ( Fig. 6A-F) . GFAP labeling then regressed later in the degeneration process ( Fig. 
6G-J).
We determined the gliosis index -the number of GFAP immunoreactive processes within GS immunoreactive Müller cell profiles of the outer and inner rd/rd retina (Fig. 7) . To differentiate outer and inner retina, the inner nuclear layer and inner plexiform layer were separated into five equal regions and only the most distal part of each region (the 20% component) was used (Fig. 7B ). This method was used to avoid GS immunoreactivity from Müller cell soma and glial seal and GFAP immunoreactivity in the proximal inner plexiform layer masking gliosis. No gliosis occurred within the outer or inner rd/rd retina until P18 (Fig. 7A) . Gliosis peaked at P28 and a subsequent reduced in the adult (P101).
The change in the gliosis index was significantly different for the outer and inner retina in the rd/rd mouse retina (ANOVA; p<0.0001). When the gliosis index was evaluated for the two retinal locations, age had a significant effect (ANOVA; p<0.0001), with gliosis as a function of age being significantly different for the two locations (ANOVA; p<0.0001).
K + currents of Müller cells in rd/rd retina
Müller cell electrophysiology was assessed as gliosis is associated with decreased K + currents in various retinopathies (Hirrlinger et al., 2010; Kuhrt et al., 2008) . Whole-cell K + currents of control Müller cells were compared with rd/rd Müller cells at P30 during the cone degeneration phase when GFAP expression was at its highest. Figure 8A illustrates the morphology of a neurobiotin-filled rd/rd Müller cell recorded in a wholemount preparation. Large currents were evoked by brief voltage pulses (-100 to +40, in 20 mV increment) from a holding potential of -80 mV for control and rd/rd Müller cells (Fig. 8B) . The average resting potential for rd/rd Müller cell was -81 ± 1.5 mV (n=10), 
Anatomical remodelling
Müller cell density remained constant as a function of age in the rd/rd retina and was similar to control animals indicating no hyperplasia during glial remodeling in the rd/rd mouse up to late Phase 2 . Absolute Müller cell area in the rd/rd retina however was significantly less than control retina at all ages indicating no growth (Fan et al., 1996; Fisher and Lewis, 2003; Lewis and Fisher, 2000; Lewis et al., 1994; Sethi et al., 2005) . Quantification of absolute Müller cell area beyond Phase 2 of retinal degeneration will confirm hypertrophy.
Mechanisms behind the distinct glial remodeling process of the rd/rd retina (i.e. initial reduction of absolute Müller cell area in the outer retina followed by Müller cell growth after total photoreceptor loss; Fig. 9 ) are unknown. Strettoi and co-workers proposed that neurons in retinal degeneration undergo dendritic pruning and later, sprouting due to loss of their afferent synapses (Strettoi and Pignatelli, 2000; Strettoi et al., 2003; Strettoi et al., 2002) . This is supported by Lee et al. (2011) who showed Müller cell processes remodel to match photoreceptor rearrangement in a rat model for Retinitis Pigmentosa (Lee et al., 2011) . Altered glutamate signaling during retinal degeneration may also play an indirect role. Down-regulation of GS in other animal models for retinal degeneration is thought to be a glial response to decreased glutamate from fewer photoreceptors Hartig et al., 1995; Lewis et al., 1989) . This is reasonable considering the functional role of glutamate recycling held by Müller cells (Pow et al., 1994) . Transition of Müller cells to a proliferative state may occur after complete degeneration of the outer retina when the blood-brain barrier is compromised (Bringmann et al., 2000) . Indeed, a range of glutamate receptors on Müller cells are activated by blood derived molecules (Newman and Reichenbach, 1996; Puro and Stuenkel, 1995; Schwartz et al., 1993; Wakakura and Yamamoto, 1994) .
Müller cell gliosis
Up-regulation of GFAP and other intermediate filament proteins in retinal astrocytes and
Müller cells are hallmarks of gliosis (Eisenfeld et al., 1984; Ekström et al., 1988; Eng and Ghirnikar, 1994; Goel and Dhingra, 2012; Grosche et al., 1995; Hartig et al., 1995; Lewis Chua et al 2012: Müller cells in the rd/rd mouse retina 20 Strettoi et al., 2003) . In the rd/rd retina, up-regulation of GFAP in the outer retina was seen during cone photoreceptor degeneration (P18 -P30) and corresponded with the reduction of absolute Müller cell area (P25 -P40). GFAP expression later declined in the adult rd/rd retina, analogous to previous studies Strettoi et al., 2002) . Neurochemical remodeling, specifically aberrant expression of functional glutamate receptors by inner retinal neurons has also been reported in the rd/rd retina at these ages (Chua et al., 2009 ). This overlap suggests interactions between neuron and glia remodeling processes.
Up-regulation of GFAP only during cone photoreceptor degeneration suggests its function is critical during periods of retinal stress. This would explain decreased GFAP in the adult rd/rd mice as most photoreceptors are already lost and remaining retinal degeneration is slow. The exact role of GFAP in gliosis remains unclear but several studies suggest a protective role; forming barriers, increasing rigidity and maintaining structural integrity of compromised tissues Liedtke et al., 1996; Lu et al., 2011) . Mice lacking GFAP demonstrate increased susceptibility to prion infection, cerebral ischemia and blood brain barrier defects indicating the neuroprotective role of GFAP (Gomi et al., 2010; Nawashiro et al., 2000; Otani et al., 2006; Pekny et al., 1998) . However GFAP is also associated with the disease process including increased neuron dysfunction and scar tissue formation (DiLoreto et al., 1995; Kinouchi et al., 2003; Lewis and Fisher, 2003; Marc et al., 2008) . In vivo, reactive Müller cells and astrocytes prevent retinal neural grafts from growing, integrating and regenerating neurites (Kinouchi et al., 2003) . Current theories point to beneficial effects of GFAP up- (Bringmann and Wiedemann, 2012; Pekny et al., 2007; VazquezChona et al., 2011) .
Müller cell electrophysiology
Changes in Müller cell electrophysiology, specifically the loss of K + channels is limited to proliferative gliosis, an aggressive form of gliosis characterised by Müller cell hypertrophy and dedifferentiation. Alternatively, conservative reactive gliosis (or atypical gliosis) results in minimal changes in Müller cell K + channels (Bringmann et al., 2000; Iandiev et al., 2006) . The rd/rd retina, we saw no significant changes in Müller cell membrane potential or K + conductance compared to normal mice during active photoreceptor degeneration. Other animal models of retinal degeneration including the Royal College of Surgeons (RCS) rat and the rds mouse also maintain normal Müller cell electrophysiology during retinal degeneration (Bolz et al., 2008; Felmy et al., 2001; Iandiev et al., 2006; Kacza et al., 2001) . Maintenance of normal electrophysiology and the absence of Müller cell proliferation are highly indicative of conservative reactive gliosis in the rd/rd retina during stages of active photoreceptor degeneration. In the RCS rat however, changes in K + currents occurred in very late stages of degeneration suggesting the conservative gliosis can convert to proliferative gliosis in animal models of Retinitis Pigmentosa (Zhao et al., 2012) . Additional cell recordings are needed to determine if electrophysical changes occur in rd/rd Müller cells after complete photoreceptor loss.
CONCLUSIONS
Here, we show glial remodeling in the rd/rd retina changes as a function of degeneration.
During early cone degeneration, electrophysiological properties are maintained but GFAP expression is up-regulated and Müller cell processes are reduced in the outer retina. After complete photoreceptor degeneration, Müller cell processes expand into the outer retina and contribute to formation of a glial seal whilst GFAP expression decreased. These glial changes occurred concurrently with previously described neurochemical remodelling in the rd/rd mouse. This suggests both retinal neurons and glial cells need to be considered when identifying suitable intervention periods for therapeutic approaches. In the rd/rd retina, GFAP immunoreactivity rapidly spreads from the nerve fiber layer to the outer retina by P28 then reduces in the later stages of degeneration (beyond P40). In the control retina, GFAP immunoreactivity is always restricted within the nerve fiber layer. Abbreviations are as in Fig. 1 . The lower two lines on the left of each image delineate the IPL and the upper single line, the OPL. Scale bar = 25ȝm. 
